For the first time the synthesis of poly( N -vinyl-2-pyrrolidone)-stabilized cobalt-palladium nanoparticles by an easy method, their characterization, and their use as active catalysts for hydrogen release from hydrolysis of ammonia borane and hydrazine borane is reported here. The catalyst is prepared by simultaneous reduction of suitable cobalt and palladium ions by sodium borohydride in the presence of poly( N -vinyl-2-pyrrolidone) as a stabilizer. They are characterized by UV-Vis spectroscopy, TEM analysis, X-ray diffraction, and X-ray photoelectron spectroscopy. They provide average turnover frequencies of 30 min −1 and 45 min −1 in the hydrolysis of ammonia borane and hydrazine borane. They also provide activation energies of 48.6 ± 2 and 50.6 ± 2 kJ mol −1 in the hydrolysis of ammonia borane and hydrazine borane.
Introduction
In order to overcome energy-related environmental global problems, hydrogen is seen one of the strongest solutions.
1 However, there has been a big problem: the storage of hydrogen.
2 Lightweight boron-containing compounds (sodium borohydride, ammonia borane, hydrazine borane, and so on) with high density of hydrogen have been extensively studied as promising solid chemical hydrogen storage materials over the last 15 years. 
The first reports on the synthesis or hydrolysis of ammonia borane and hydrazine borane for hydrogen generation were published in 2006 5 and 2009 2 , respectively. Since those years, a vast number of catalyst systems have been employed for hydrogen release from hydrolysis of AB and HB. The lists of such types of pioneering catalyst systems recently used for the hydrolysis of AB and HB are shown in Tables 1 and 2 , respectively. As Pt) have the highest catalytic activities in the hydrolysis reactions of AB and HB since the addition of a second element to monometallic catalysts will enhance the catalytic activities. However, catalyst systems with lower costs should be developed for the implementation of practical applications and therefore the hydrogen economy concept.
Here, we report for the first time the synthesis of poly(N -vinyl-2-pyrrolidone)-stabilized cobalt-palladium nanoparticles (CoPd @ PVP NPs) by an easy method, their characterization, and their use as active catalysts for hydrogen release from hydrolysis of AB and HB. Poly(N -vinyl-2-pyrrolidone), PVP, is one of the widely used stabilizers for the preparation of nanoparticles. Suitable cobalt and palladium salts have been coreduced by sodium borohydride (NaBH 4 ) in the presence of PVP as a stabilizer for the synthesis of CoPd @ PVP NPs. Very stable colloidal CoPd @ PVP nanoparticles have been characterized by UV-Vis spectroscopy, transmission electron microscopy-energy dispersive analysis (TEM-EDX), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). CoPd @ PVP nanoparticles, with the inclusion of cobalt in the structure, will be low-cost catalysts for hydrogen release from hydrolysis of AB and HB compared to the use of all-noble metal catalysts.
Results and discussion

Preparation and characterization of CoPd @ PVP nanoparticles
In order to prepare PVP-stabilized CoPd nanoparticles, suitable palladium and cobalt salts were simultaneously The particle size and the crystallinity of the CoPd @ PVP nanoparticles was determined by TEM and XRD analysis. The TEM image taken at 50 nm magnification is shown in Figure 2a . From this image, 125 particles were counted and the mean particle size was found to be 4.4 ± 1.1 nm. Figure 2b shows the XRD pattern of CoPd @ PVP nanoparticles. The peak observed at 2θ = 40.2
• belongs to the (111) plane of facecentered cubic CoPd. The slight shift to the higher 2θ value from the (111) plane of fcc -Pd (2θ = 39.7
confirms the alloy structure formation in CoPd @ PVP nanoparticles. High-resolution XPS spectra for Co 2p and Pd 3d regions for CoPd @ PVP nanoparticles are shown in Figure 3 . In Figure 3a , absorption bands located at 795.1 and 779.1 eV are assigned to Co(0) 2p 1/2 and Co(0) 2p 3/2 , respectively. 41 There are also CoO (785.5 eV) and CoO x (801.5 eV) species in the catalyst. In Figure   3b , two bands located at 338.6 eV and 333.3 eV are assigned to Pd(0) 3d 3/2 and Pd(0) 3d 5/2 , respectively.
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There is also a small amount of PdO (335.1 eV) species in the catalyst. The slight binding energy shifts to lower values also confirm the alloy formation in the CoPd @ PVP nanoparticles. 
Kinetics of CoPd @ PVP nanoparticle-catalyzed hydrolysis of AB and HB
CoPd @ PVP nanoparticles are effective catalysts for the hydrolysis of AB and HB. The plots of mol H 2 /mol shown in Figure 4a . The immediate hydrogen release starts quickly and goes on to the complete hydrolysis of AB. The rates of hydrogen release obtained from the linear parts of the plots in Figure 4a were plotted against catalyst concentration and a straight line that has a slope of 1.123 was acquired for the hydrolysis of AB as shown in Figure 4b . These results indicate that the hydrolysis reaction of AB has first-order dependency on catalyst concentration. Similarly, the plots mol H 2 /mol N 2 H 4 BH 3 (n H 2 /n HB) against time for the hydrolysis of 100 mM N 2 H 4 BH 3 solutions by CoPd @ PVP nanoparticles at catalyst concentrations of 1.5 mM to 3.5 mM (1.5, 2.0, 2.5, 3.0, 3.5) at 25.0 ± 0.1 • C are shown in Figure 5a . Again, there is quick hydrogen release and it goes on to complete hydrolysis of HB. It is noteworthy that two types of hydrolysis/decomposition reactions for HB can be found in the literature: in the first and most common one, HB gives up to 3 mol of hydrogen gas by hydrolysis of the BH 3 group, and in the second type, HB yields up to 6 mol of gas (5 mol of hydrogen and 1 mol of nitrogen gases) upon decomposition of the N 2 H 4 group in addition to the hydrolysis of the BH 3 group. Our study falls into the first category since the second type of reactions can only be found in the presence of nickel-based bimetallic catalysts.
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The rates of hydrogen release obtained from the linear parts of the plots in Figure 5a were plotted against catalyst concentration and a straight line that has a slope of 1.174 was acquired for the hydrolysis of HB, as shown in Figure 5b . These results indicate that the hydrolysis reaction of HB also has first-order dependency on catalyst concentration. The hydrolysis reactions of AB and HB were found to have no dependency on H 3 NBH 3 and N 2 H 4 BH 3 substrate concentrations. Therefore, they proceed via zeroth order with respect to substrate concentration. In light of these combined kinetic results, rate laws for the hydrolysis of H 3 NBH 3 and N 2 H 4 BH 3 are given in Eq. (3) and Eq. (4): 
Determination of energies of activation for AB and HB hydrolysis reactions catalyzed by CoPd @ PVP nanoparticles
In order to obtain the activation energies, CoPd @ PVP nanoparticle-catalyzed hydrolysis reactions of AB and HB were performed at different temperature values. The plots of mol H 2 /mol H 3 NBH 3 (n H 2 /n AB) and mol The observed rate constants (k obs ) for hydrogen release from hydrolysis reactions of AB and HB were calculated from the linear parts of the plots given in Figure 6 and are shown in Tables 3 and 4, 
The durabilities of CoPd @ PVP nanoparticles in the hydrolysis of AB and HB
The CoPd @ PVP nanoparticles were found to be durable catalysts in the hydrolysis of AB and HB by carrying out a series of experiments that included consecutive additions of H 3 NBH 3 and N 2 H 4 BH 3 after the first runs of hydrolysis reactions. CoPd @ PVP nanoparticles keep 82% and 85% of their initial activity in the hydrolysis of H 3 NBH 3 and N 2 H 4 BH 3 after the fifth run as shown in Figures 8a and 8b , respectively. The small decreases in the catalytic performance of CoPd @ PVP nanoparticles in both hydrolysis reactions are due to the nanoparticles' surface passivation by rising concentration of metaborate, which blocks the accessibility of active sites, 47 since there is no change in the structure of the catalyst proved by TEM analysis after durability tests.
Experimental
Chemicals
Potassium tetrachloropalladate(II) (
, ammonia borane, poly(N -vinyl-2-pyrrolidone), sodium borohydride, and 1,4-dioxane were all purchased from Sigma-Aldrich. Deionized water was distilled by the Milli-Q pure WS water purification system. All glassware and Teflon-coated magnetic stirring bars were washed with acetone and distilled water and dried in the oven at 120
• C.
Synthesis and characterization of HB
HB (N 2 H 4 BH 3 ) has been synthesized from the reaction between hydrazine hemisulfate and sodium borohydride in dioxane employing the literature procedures. 48, 49 The melting point of HB is about 60
• C. All spectral data for HB are in good agreement with the values reported in the literature. 
Characterization of CoPd @ PVP nanoparticles
UV-Vis spectra of the CoPd @ PVP nanoparticles were recorded on a Cary 5000 (Varian) UV-Vis spectrophotometer. TEM analysis of CoPd @ PVP nanoparticles was performed with a JEOL-2010 microscope operating at 200 kV, fitted with a LaB 6 filament and with lattice and theoretical point resolutions of 0.14 nm and 0.23 nm. The sizes of the particles were calculated from enlarged photographs. XRD analysis was carried out on a Rigaku Ultima IV X-Ray Diffractometer. The XPS spectrum of the CoPd @ PVP nanoparticles was obtained by SPECS spectrometer equipped with a hemispherical analyzer and using monochromatic Mg-Kα radiation (1250 eV, the X-ray tube working at 15 kV and 350 W). 11 B NMR spectra were recorded on a Bruker Avance DPX 400 MHz spectrometer.
Catalytic evaluation of CoPd @ PVP nanoparticles in the hydrolysis of AB and HB
The catalytic performances of CoPd @ PVP nanoparticles in the hydrolysis reactions of AB and HB were defined by determining the hydrogen generation rates. In all experimental studies, a jacketed reaction flask containing a Teflon-coated stirring bar was put on a magnetic stirrer and thermostated to 25.0 ± 0.1 • C by circulating water through its jacket. Afterwards, a graduated glass tube filled with water was connected to the reaction flask to measure the volume of the evolved hydrogen gas from the hydrolysis reaction. In an ordinary experiment, 31.8 mg (1.0 mol) of H 3 NBH 3 or 46.0 mg (1.0 mmol) of N 2 H 4 BH 3 was dissolved in x mL of deionized water. This solution was transferred with a glass pipette into the reaction flask. Known amounts of CoPd @ PVP nanoparticles (10.0 -x mL) were then added to the reaction mixture. The experiment was started by closing the flask and the volume of evolved hydrogen gas was determined by recording the displacement of the water level. Additionally, the conversions of ammonia borane (δ = -23.9 ppm) to metaborate ( δ = 9 ppm) and of hydrazine borane (δ = -20 ppm) to hydrazinium metaborate (δ = 12.5 ppm) were also controlled by 11 B NMR spectroscopy.
Kinetic study of the CoPd @ PVP nanoparticle-catalyzed hydrolysis of AB and HB
The rate laws for the CoPd @ PVP nanoparticle-catalyzed hydrolysis reactions of AB and HB were established by performing two different experimental sets by following the same procedure described in the previous section.
In the first set, substrate concentration was constant at 100 mM for AB and HB while CoPd @ PVP nanoparticle catalyst concentrations were changed from 1.0 mM to 5.0 mM (1.0, 2.0, 3.0, 4.0, 5.0 mM for hydrolysis of AB and 1.5, 2.0, 2.5, 3.0, 3.5 mM for hydrolysis of HB). In the second set, CoPd @ PVP nanoparticle catalyst concentration was constant (3.0 mM for hydrolysis of AB and 2.5 mM for hydrolysis of HB) and substrate concentrations were changed from 40 mM to 120 mM (40, 60, 80, 100, 120).
Activation energies for the CoPd @ PVP nanoparticle-catalyzed hydrolysis of AB and HB
To determine the activation energies for the CoPd @ PVP nanoparticle-catalyzed hydrolysis reactions of AB and HB, hydrolysis reactions were carried out using known amounts of substrate (100 mM) and CoPd @ PVP nanoparticles (3.0 mM for hydrolysis of AB and 2.5 mM for hydrolysis of HB) following the same procedure reactions of AB and HB were used to calculate the activation energies (E a ) of CoPd @ PVP nanoparticles for the hydrolysis of both substrates.
Durability tests for the CoPd @ PVP nanoparticles in the hydrolysis of AB and HB
The durabilities of CoPd @ PVP nanoparticles in the hydrolysis of AB and HB were determined by a series of experimental procedures starting with 10.0 mL of solution containing CoPd @ PVP nanoparticles (3.0 mM for hydrolysis of AB and 2.5 mM for hydrolysis of HB) and 100 mM H 3 NBH 3 (or N 2 H 4 BH 3 ) at 25.0 ± 0.1 • C. After the complete hydrolysis reactions, new equivalents of H 3 NBH 3 (or N 2 H 4 BH 3 ) substrate were added to the mixture quickly. The results of the durability tests were given as % initial CoPd @ PVP nanoparticle catalytic activity and % conversions of AB and HB against the number of catalytic cycles in the hydrolysis of H 3 NBH 3 and N 2 H 4 BH 3 .
Conclusions
In this study, we synthesize, characterize, and employ CoPd @ PVP nanoparticles as active catalysts in hydrolysis reactions of AB and HB. The following conclusions are obtained from this research:
• CoPd @ PVP nanoparticles are synthesized from simultaneous reduction of suitable cobalt and palladium salts by NaBH 4 in the presence of PVP as a stabilizer.
• CoPd @ PVP nanoparticles are active catalysts for hydrogen release from the hydrolysis of AB and HB.
• Average TOF values of 30 min −1 and 45 min −1 are provided by CoPd @ PVP nanoparticles in the hydrolysis of AB and HB, respectively.
• Activation energies for CoPd @ PVP nanoparticle-catalyzed hydrolysis of AB and HB are 48.6 ± 2 and 50.6 ± 2 kJ mol −1 , respectively.
